Hydrothermal in-plane-shear strength of carbon fibre/benzoxazine laminates manufactured out-of-autoclave by liquid-resin-infusion by Comer, Anthony J. et al.
Accepted Manuscript
Hydrothermal in-plane-shear strength of carbon fibre/benzoxazine laminates
manufactured out-of-autoclave by liquid-resin-infusion





To appear in: Composite Structures
Received Date: 20 July 2018
Revised Date: 21 December 2018
Accepted Date: 14 January 2019
Please cite this article as: Comer, A.J., Ray, D., Clancy, G., Obande, W.O., Rosca, I., McGrail, P.T., Stanley, W.F.,
Hydrothermal in-plane-shear strength of carbon fibre/benzoxazine laminates manufactured out-of-autoclave by
liquid-resin-infusion, Composite Structures (2019), doi: https://doi.org/10.1016/j.compstruct.2019.01.069
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
  
Page 1 of 32 
 
Hydrothermal in-plane-shear strength of carbon fibre/benzoxazine laminates manufactured out-of-
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1
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Irish Composites Centre (IComp), Bernal Institute, University of Limerick, Ireland  
Abstract 
Benzoxazine’s have recently emerged as new candidate resins for elevated temperature structural 
applications in the aerospace sector offering attractive attributes including infusibility under vacuum, 
fire-smoke-toxicity performance and room temperature storage/transport. The main objective of this 
study is to evaluate the hydrothermal in-plane-shear (IPS) strength of carbon-fibre (CF) based laminates 
manufactured using two benzoxazine (BZ) resin systems (BZ9120 and BZ9130). CF/BZ9130 was 
evaluated at 160 °C in the wet condition and benchmarked against two commercially available 
bismaleimide (BMI) resin systems - traditionally considered for wet applications at 160 °C. CF/BZ9120 
was evaluated at 120 °C (just below its Tg) in the dry and wet condition and benchmarked against 
CF/BZ9130.  BMI’s remain the benchmark for IPS strength at 160 °C (wet) with 64% retention while 
BZ9130 only retained 48% of IPS strength at 160°C (wet) and also exhibited excessive elongation. 
CF/BZ9130 showed good retention at 120 °C (68 % wet) outperforming CF/BZ9120 (48 % wet). 
Positively, both BZ systems performed at least as well as the BMI’s under ambient conditions. 
 




Out-of-Autoclave (OoA) manufacturing processes such as Liquid-Resin-Infusion (LRI) combined with 
automated-dry-fibre-placement are seeing increasing application in both aerospace and non-aerospace 
sectors offering potential savings over the costs (capital and operational) and part size constraints 
associated with traditional composite manufacturing processes such as autoclaving. In recent years, 
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efforts to achieve overall reductions in energy consumption, cost and waste have not been restricted to 
hardware and process developments. Materials (resin systems and fibre architectures) compatible with 
LRI and automated-dry-fibre-placement processes continue to be developed with emphasis on 
improvements in resin formulation (e.g. increased toughness, lower melt viscosity, extended gel time, 
higher glass transition temperatures) and fibre architectures (e.g. development of thermoplastic binders 
and veils for improved pre-form stability and improved interlaminar toughness). Process and material 
developments are driving the ever-increasing usage of polymer composites in commercial airframes 
(e.g. Boeing 787, Airbus A350) and more recently in airframe hot zones. Toughened epoxy resin systems 
are well established in commercial aviation airframes exhibiting good processability (e.g. via LRI, 
autoclave) and mechanical properties but their application is generally limited in terms of upper service 
temperature (~120°C). Bismaleimide (BMI) resins can be processed at roughly the same cost as high-
performance epoxy resins and have traditionally been considered for elevated temperature airframe 
applications where service temperatures typically exceed 177°C but are also increasingly seen as 
candidates for applications that need improved hydrothermal and open-hole compression performance 
at moderate temperatures (80°C to 120°C) [1-3].  
This paper focuses on benzoxazine resin systems, which have been developed in direct response to the 
aerospace industry’s increasing demand for cost-effective alternatives to epoxy and BMI resin systems. 
These resin systems target intermediate to elevated temperature exterior applications (e.g. secondary 
structural components such as engine housings) where fire-smoke-toxicity (FST) performance is critical 
to eliminate the possibility of toxic fumes entering the passenger cabin [4-6]. Indeed, benzoxazine 
prepreg reinforced with carbon fibre (Toho Tenax) has been qualified for the Airbus 380 auxiliary power 
unit (APU) housing replacing a BMI resin system [2]. Benzoxazines may also find application as an 
alternative to phenolic resin systems traditionally selected for interior applications (e.g. seating, storage 
bins) due to their excellent FST performance [7]. Phenolic-based composite parts suffer from surface 
voids caused by outgassing of water produced by the curing reaction. The surface voids compromise 
cosmetic appearance necessitating costly rework operations. Benzoxazines due to their high glass 
transition temperatures are also competing with BMIs in tooling applications. Benzoxazine based T-
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stringer support tooling was used for the manufacture of the Airbus A350’s inboard and outboard wing 
flaps and was also used in the form of a film adhesive for bonding large BMI tooling assemblies [2].  
Discovered in the 1940s, benzoxazines are formed by reacting phenol, formaldehyde and amine in an 
additive reaction with ring opening polymerisation which produces a high molecular weight polymer 
characterised by near-zero cure shrinkage, reactive sites that greatly facilitate hybridising with other 
resins (e.g. BMIs), and the ability to homopolymerise to form polybenzoxazine networks very similar to 
phenolic [8]. In response to industry demands for increased processing flexibility (e.g. OoA) and reduced 
costs (energy usage, storage and transport), benzoxazine resin systems have recently been engineered 
to be compatible with state of the art OoA LRI processes. The main focus of this paper is on low pressure 
OoA LRI processes such as vacuum assisted resin transfer moulding (VaRTM), resin transfer moulding 
(RTM) and vacuum assisted process (VAP) which are relevant to both the aerospace and non-aerospace 
sectors. Production processes outside the scope of this paper include in-autoclave LRI processes and 
processes designed for high volume production runs (cycle times < 10 min demanded by the automotive 
sector) such as high pressure (up to 150 bar injection pressure) RTM (HP-RTM) and Dynamic Fluid 
Compression Moulding (DFCM). DFCM uses a wet preform and press pressures of up to 30 bar and High 
Pressure Compression RTM (also known as gap injection or wet compression) which involves injecting 
resin onto a dry pre-form in a closed mould. Snap-cure resin systems (e.g. EPIKOTE epoxy from Hexion, 
Araldite LY 3585/Hardener XB 3458 epoxy system from Huntsman) have been developed specifically for 
HP-RTM and DFCM to minimise cycle time. 
The industry standard RTM process involves the infusion of resin at pressures up to 20 bar coupled with 
matched metal tooling to ensure complete wet-out of the dry-fibre pre-form. Consistent net-shape 
parts with high fibre volume fraction (Vf), good dimensional tolerance, high quality surface finish and 
autoclave level mechanical properties can be achieved. However, the process is generally labour 
intensive, features a low level of automation and relatively long cycle times (hours). The significant costs 
associated with RTM closed mould tooling especially for larger parts has stimulated research efforts on 
improving part quality using more cost effective vacuum assisted OoA LRI processing techniques such as 
VaRTM. VaRTM has traditionally been associated with non-aerospace applications due to the 
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inconsistency in Vf, trade-off in mechanical properties achievable (compared to autoclave/RTM 
manufacturing), tolerance on thickness, surface finish on the bag-side and edge finishing requirements. 
In VaRTM, a consumable (typically nylon) or reusable (silicone) flexible vacuum membrane replaces the 
upper hard tool. In the first case, a second flexible consumable vacuum membrane is sometimes 
specified post infusion to achieve a uniform consolidation pressure on the part and to avoid thickness 
variations [10]. In the latter case, a silicone vacuum membrane is moulded to the exact shape of the part 
typically by spraying two-part silicone resin directly onto the surface of a replicate part [11]. Advantages 
of this approach include a reduction in consumable waste, pressure intensification at corners and 
undercuts, moulded-in resin inlets, vacuum ports and heating elements. Drawbacks associated with the 
conventional VaRTM process include the requirement for consumables (vacuum membrane and infusion 
media), high void contents and high scrap rates. Software based numerical simulations of the resin flow-
front in tandem with a trial and error experimental approach are required to strategically position 
infusion media, multiple inlet and vacuum ports for the successful infusion of large parts by VaRTM.  
VAP®, a relatively new OoA LRI process incorporating a semi-permeable membrane (i.e. impermeable to 
resin but permeable to air) has the potential to reduce the risk of scrapped parts and improve properties 
through improved consolidation and void reduction [12]. The semi-permeable membrane creates two 
chambers beneath a vacuum membrane. Unlike VaRTM, a single evacuation port allows for the 
continuous evacuation of gas both behind and ahead of the flow front eliminating trapped gases behind 
the flow front. There are numerous examples where VAP® has been used to manufacture large 
aerospace component demonstrators including the aft pressure bulkhead for the Boeing 787 Dreamliner 
[13] and the cargo door of the Airbus A400M military airframe [14].  
A suite of OoA LRI equipment capable of RTM, VAP® and VaRTM processing has been assembled at the 
Irish Composite Centre (hosted by the University of Limerick) for the processing of new candidate 
materials for aerospace and non-aerospace applications. The recent commercial availability of 
benzoxazine resin systems together with OoA LRI processes offers an opportunity to explore the 
potential of this relatively new resin class for applications in aerospace and non-aerospace applications.  
Apart from work reported by the authors [15-17] and the resin supplier [4-6], there is a paucity of data 
available in the open literature regarding the mechanical performance of fibre reinforced benzoxazine 
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composite laminates manufactured by OoA LRI. Extensive efforts have been made to toughen carbon 
fibre/benzoxazine laminates manufactured by VaRTM while minimising deleterious effects on other 
properties [18-22]. The incorporation of non-woven polyamide (PA) veils at interlaminar regions of 
carbon fibre/Benzoxazine (BZ9120 and BZ9130) laminates increased overall laminate thickness, mode II 
toughness and G1C. Tg was unaffected but flexural stiffness was reduced. Regarding moisture effects, PA 
is hydrophilic and increased the maximum moisture content [18]. Moisture reduced Tg and flexural 
rigidity but improved G1C and mode II toughness as a result of increased plasticity. Full saturation 
introduced irreversible damage to the matrix and interfacial region such that full recovery of mode I and 
mode II toughness was not possible for untoughened carbon fibre/Benzoxazine (BZ9120 and BZ9130). 
Interestingly, the open hole compression (OHC) strength of baseline carbon fibre/Benzoxazine (BZ9120) 
laminates (manufactured by VaRTM) compared favourably with a carbon fibre/epoxy systems 
(manufactured by RTM/autoclave) [20]. However, the compression-after-impact (CAI) strength of 
baseline carbon fibre/Benzoxazine (BZ9120) laminates after a 30 J impact was significantly lower than 
commercially available carbon fibre/epoxy systems (manufactured by RTM/autoclave). 
 
The main objective of this study is to evaluate the hydrothermal in-plane-shear (IPS) strength of carbon-
fibre (CF) based laminates manufactured using two benzoxazine (BZ) resin systems (CF/BZ9120 and 
CF/BZ9130). CF/BZ9120 was evaluated at ambient temperature (dry) and at 120°C (dry and wet). 
CF/BZ9130 was evaluated at 160 °C (wet) and benchmarked against two commercially available 
bismaleimide (BMI) resin systems - traditionally considered for wet applications at 160 °C. Secondary 
objectives include: (i) the evaluation of the effect of different resin infusion processes (VaRTM, VAP® 
and RTM) on the flexural strength and interlaminar shear strength of CF/BZ9130 under ambient 
conditions and; (ii) the manufacture of a component to demonstrate the processability of BZ9130 
compared to an aerospace grade epoxy and the compatibility of BZ9130 with a VAP membrane typically 
used with epoxies. The importance of validating the mechanical performance of composite materials 
under representative hydrothermal service type conditions is widely recognised in the aircraft industry 
and is also relevant to other potential application sectors (e.g. marine, offshore energy etc.).   
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2.   Material and methods 
2.1 Materials 
Two commercially available benzoxazine resin systems (from Henkel AG & Co. KGaA) are evaluated in 
the current study (Table 1). Loctite BZ9120 Aero is a toughened resin system while Loctite BZ9130 Aero 
targets elevated temperature applications (both resin systems will be referred to as BZ9120 and BZ9130 
hereafter). Aerospace grade commercially available bismaleimide resin systems (Cycom 5250-4 from 
Cytec and RTM 651 from Hexcel) and an epoxy resin system (Cycom 890 RTM from Cytec) were also 
included in the study for benchmarking purposes. Non-crimp-fabric (NCF) (Saertex) consisting of 
unidirectional (UD) carbon fibres (Tenax, IMS60 E13 24k, 274 g/m
2
 areal weight) at 0°, E-glass (8 g/m
2
 
areal weight, 68 tex) at 90°, E-glass (6 g/m
2
 areal weight, 68 tex) at ±60° was used in the current study. 
Stitching material was polyester 48dtex SC with an areal weight of 4 g/m
2
. Individual UD layers were laid 
up manually. The main function of the E-glass is to stabilise the carbon fibres during handling and pre-
forming. A powder binder was not applied to the NCF.  
 
2.2 Liquid resin infusion manufacturing 
Flat composite laminates were manufactured using three different OoA LRI manufacturing processes: (i) 
resin-transfer-moulding (RTM) included for the production of control material; (ii) Vacuum-assisted-
resin-transfer-moulding (VaRTM) and; (iii) vacuum-assisted-process (VAP®). LRI infusion and processing 
parameters for each resin system were in accordance with the manufacturers guidelines summarised in 
Table 2. A post cure was required for the resin systems targeted at elevated temperature applications. It 
is notable that the cure and post cure durations for CF/BZ9130 are significantly shorter compared to the 
durations required for the BMI composites. 
The RTM manufacturing cell (Radius-Coexpair) comprises a resin-injection-system for single part resin 
systems, a pneumatically actuated press with electrically heated platens, a fixed cavity matched metal 
tool and a transfer trolley for tool positioning (Fig. 1). The pneumatically actuated heated platens were 
used to apply pressure to the tool for the duration of the resin infusion of the dry-fibre preform and 
laminate cure. Regarding BZ9130, degassing was performed in the resin holding cylinder at 110 °C (Fig. 
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1(ii)). The mould was pre-heated to 110 °C prior to infusion and the infusion pressure was gradually 
increased in 1-bar increments to 7-bar pressure with the intention of minimising fibre wash. Pressure 
was maintained until gelation. Once the resin gel-point was reached, the tool temperature was raised to 
185 °C and the resin inlet valve was closed.  
The VaRTM manufacturing cell comprised a heated metallic tool plate (aluminium alloy), heated resin 
infusion lines and an electric heating blanket which was placed over the vacuum membrane during 
infusion and cure (Fig 2i). A double vacuum membrane (nylon) arrangement was used for the VaRTM 
manufacturing process (Fig 2ii).  Resin degassing was performed in a vacuum oven (Memmert VO 400) 
prior to infusion. Pressure of approximately 20 kPA (absolute) was applied to the inner vacuum 
membrane during infusion. Post infusion, the resin inlet and outlet valves were closed and full vacuum 
was applied to the outer bag for the duration of the cure cycle. Processing parameters for resin 
degassing, infusion, cure and post-cure were in accordance with the various resin manufacturers 
guidelines.  
For the VAP® process, a proprietary VAP® membrane (C2003, Trans-textile GmbH) was used to create 
two separate chambers beneath a single vacuum membrane (Fig. 2iii). Both chambers were evacuated 
prior to infusion. The VAP® semi-permeable membrane prevented resin flowing into the outer chamber 
during infusion but allowed continuous evacuation/gas extraction over the surface of the fibre-preform 
contained within the inner chamber independent of the position of the resin flow front. The quality of 
all manufactured laminates was confirmed by visual inspection, cured ply thickness, void content 
measurement and Vf measurements. Vf was measured using two methods i.e. resin burn-off and 
thickness measurements. Void content was measured by performing image analysis (ImageJ [23]) on 2-d 
images (obtained by micro-computed-tomography (µCT) with 12.6 µm voxel size) acquired using a Versa 
XRM 500 from Xradia. For this purpose, a representative sample was extracted from a laminate (UD) 
manufactured by each manufacturing process (RTM, VAP and VaRTM). Specimen extraction was 
performed using an electric composite cutting machine fitted with a water-cooled, diamond-coated, 
circular disk.  
 
2.3 Test specimen conditioning  
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In-plane-shear (IPS) test specimens extracted from flat composite laminates manufactured by VaRTM 
were placed in an oven at 80 °C for three hours. The (dry) mass of the specimens was recorded and the 
specimens were subsequently submerged in distilled water at 80 °C (±1 °C). Specimens were removed 
from the water bath every five days, surface dried using clean lint free cloth and the mass was recorded 
using an analytical mass balance (Explorer Ohaus E11140 with a linearity of 0.2 mg). Weighing was 
carried out within one minute to minimise evaporation of moisture from the sample. To ensure 
complete saturation, samples were exposed to moisture for a minimum of 158 days. The percentage 
moisture content (Mt) at time, t, was determined using equation 1.  
   
    
  
     (1) 
where M and Mo are the mass at time t and the initial constant dry mass respectively. A series of curves 
was generated (Mt versus t
1/2
) and the diffusivity, D was determined from the initial slope of the curve 










       
       
 
 
  (2) 
 where D is the diffusion coefficient, MS moisture gain after 158 days, Mt2 and Mt1 are the percentage 
moisture contents at time t2 and time t1 respectively and h is the thickness of the specimen. 
 
2.4 Mechanical testing 
The in-plane-shear (IPS) test in accordance with ASTM D3518M-94 [24] was used to evaluate the 
hydrothermal mechanical response of VaRTM manufactured laminates. This test was chosen as the 
mechanical response is well known to predominantly depend on the matrix-fibre bond due to the 
orientation of the fibres (±45°) relative to the loading direction. The in-plane-shear stress ( ) was 
calculated using equation 3. 
   
 
  
    (3) 
where P is load and A is cross-sectional area of the test sample. A variety of additional mechanical tests 
were employed to evaluate the mechanical performance of the manufactured laminates at room 
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temperature including: (i) interlaminar-shear-strength (ILSS) to BS EN2563: 1997 [25]; (ii) flexure to BS 
EN 2562: 1997 [26]; and; (iii) Dynamic Mechanical Thermal Analysis (DMTA) to ASTM D5023-07 [27].  
Nominal specimen dimensions for the IPS specimens were 200 mm x 25 mm x 2 mm with a [±45°]2S lay-
up. Cross-head stroke rate was 2 mm/min. Elevated temperature tests were performed at 120 °C, 160 °C 
and 200 °C using a temperature chamber (Design Environment) installed within a Zwick Roell HA 300 kN 
hydraulic straining frame. Temperature was monitored and controlled using a temperature controller in 
conjunction with k-type thermocouples. IPS samples were inserted into a mechanical wedge grip and 
allowed to thermally equilibrate at test temperature under zero-load before testing. The hydrothermal-
mechanical test-matrices for the IPS test samples, which were all manufactured by VaRTM, is shown in 
Table 3 and Table 4. Nominal specimen dimensions for the DMTA tests carried out on a Q800 machine 
(from TA instruments) were 60 mm x 10 mm x 2 mm. The loading configuration was 3-point bending. 
Support span, displacement amplitude and loading frequency were 50 mm, 10 µm and 1 Hz respectively. 
Heating rate was 5 °C/min.  
ILSS and flexure tests were performed on a Tinius Olsen 25KS electromechanical loading frame. The 
nominal dimensions for the ILSS specimens were 20 mm x 10 mm x 2 mm with a [0°]8 lay-up. The 
support span was 10 mm and the support and load nose radii were 3 mm. Cross-head stroke rate was 1 
mm/min. The loading configuration for the flexure tests was 3-point bending. The nominal dimensions 
for the flexure specimens were 100 mm x 10 mm x 2 mm with a [0°]8 lay-up and the support span was 
80 mm. Cross-head stroke rate was 5 mm/min. Apparent ILSS, flexural strength (normalised by Vf) and 
flexural stiffness (normalised by Vf) were calculated for each test specimen. The test matrix for ILSS and 
flexure is shown in Table 5. 
 
3 Results and discussion 
 
3.1 Moisture absorption 
The moisture diffusion coefficients and moisture uptake results from the current study are summarised 
in Table 6. After 158 days submersion, CF/BZ9130 showed the lowest moisture uptake (1.7 %) followed 
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by CF/BZ9120 (2.0 %), CF/BMI_1 (3.0 %) and CF/BMI_2 (2.3 %). The moisture uptake measurements for 
CF/BZ9120 and CF/BZ9130 are broadly in line with Nash et al. [18] who reported saturated mass gains of 
1.5% and 2.2% for CF/BZ9120 and CF/BZ9130 respectively (VaRTM manufactured bidirectional (0/90) 
NCF fabric with epoxy binder). The diffusion coefficients follow a different trend CF/BZ9120 showed the 
lowest (0.94x10
-6




) and CF/BMI_1 (1.39x10
-6
). 
As well as the properties of the matrix and matrix-fibre interface, the void content which ranged 
between 1-3% for the VaRTM manufactured material is also expected to influence the moisture 
absorption results. 
 
3.2 Dynamic mechanical thermal analysis (DMTA) 
Firstly, the dry glass-transition-temperatures (Tg measured as Tan δ) were comparable to those 
presented in Table 1 indicating that the different laminate materials were fully cured. The bismaleimide 
based laminate (CF/BMI_2) exhibited the highest Tg (> 300 °C) followed by CF/BMI_1 and CF/BZ9130 (> 
250 °C) (Fig. 3). However, these three resin systems require a post cure with BMI_2 requiring the longest 
duration (6 hours) and BZ9130 the shortest duration (1 hour). The other two resin systems do not 
require a post cure and as expected exhibited lower Tg’s. The epoxy based laminate (CF/EP_1) exhibited 
a Tg just over 200 °C while the Tg for CF/BZ9120 was slightly lower. 
The magnitude of the damping parameter is indicative of energy dissipation and therefore indicative of 
the toughness of the resin system. The epoxy laminate (CF/EP_1) exhibited a much higher damping peak 
(0.43) compared to the benzoxazine laminates (0.2 for CF/BZ9130 and 0.31 for CF/BZ9120) and the BMI 
laminates (0.16 for CF/BMI_1 and 0.07 for CF/BMI_2) indicating that the CF/epoxy laminate has the 
highest toughness and a less rigid cross-linked network compared to the other laminates. CF/BZ9120 is 
in second place regarding toughness, which is expected considering BZ9120 is a toughened resin system. 
 
3.3 Hydrothermal in-plane-shear strength 
In the room temperature dry (RTD) condition, CF/BZ9120 shows relatively high strength (74.7 MPa) 
compared to CF/BZ9130 (63 MPa). BZ9130 has a high Tg. A highly cross-linked structure is necessary to 
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impart a high Tg but this generally gives rise to an inherently brittle matrix which is sensitive to 
microcracks. This is the main reason why CF/BZ9130 exhibits a lower IPS strength compared to 
CF/BZ9120. CF/BZ9120 also exhibits significantly more ductility compared to CF/BZ9130 (Fig. 4). This is 
expected as BZ9120 contains an unspecified toughening phase, which increases ductility (BZ9130 does 
not contain a toughening phase). Relative toughness is also evident from the damping parameter 
measurement (Fig. 3). 
At 120 °C in the dry condition, CF/BZ9120 retained 61% of its dry IPS strength while CF/BZ9130 
outperforms CF/BZ9120 retaining 85% of its dry IPS strength (Table 7). However, CF/BZ9120 also 
exhibits excessive elongation before failure (> 8 mm) whereas CF/BZ9130 exhibits elongation at failure 
only marginally greater than the RTD case (Fig. 4). At 120 °C in the wet condition, CF/BZ9120 only 
retained 48% of its dry IPS strength while CF/BZ9130 retained 68% of its dry IPS strength. Similar to the 
dry 120 °C case, CF/BZ9120 exhibits excessive elongation before failure (> 13 mm) whereas CF/BZ9130 
exhibits elongation at failure only marginally greater than the dry case ~ 4mm (Fig. 4). The excessive 
elongation exhibited by CF/BZ9120 before failure is indicative of increased matrix plasticity as test 
temperature approaches Tg. As expected, moisture exacerbates this effect. 
At 160 °C in the wet condition (Fig. 5), CF/BZ9130 only retained 48% of its dry IPS strength while both 
CF/BMI laminates retained 64% of their dry IPS strength (CF/BZ9120 was not considered at this test 
temperature). The CF/BMI materials also performed better than the CF/BZ9130 materials in terms of 
elongation failing at less than 4 mm of cross-head stroke. The lower strength and excessive elongation 
of the CF/BZ9130 material (> 6mm) reflects the behaviour of CF/BZ9120 at 120°C (Fig. 4i). At 200 °C in 
the dry condition (Fig. 6), CF/BZ9130 retained 59 % of its dry IPS strength with an elongation less than 
5mm of cross-head stroke. This reduced to 46 % in the wet condition, which is only 2% below its IPS 
strength in the wet condition at 160 °C. However, elongation was greater than 10mm of cross-head 
stroke. Overall, CF/BZ9120 exhibited good strength retention in the dry condition at 120 °C (> 61 %) but 
exhibited excessive elongation before failure at 120 °C in the wet condition and lower strength retention 
(48%).  CF/BZ9130 exhibited good strength retention up to 200°C (59% retention of dry RT strength and 
less than 5mm elongation at failure) and performed well in the wet condition up to 120 °C (68% 
retention of dry RT IPS strength and less than 4mm elongation at failure) but exhibited excessive 
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elongation in the wet condition at 160 °C with strength retention of only 48%. In-plane-shear strength, 
strength retention at elevated temperature and fibre volume fraction (Vf) for the various materials are 
summarised in Table 7 and Table 8.  
 
3.4 Influence of manufacturing method on ILSS and flexural strength 
To investigate the influence of manufacturing method on flexural strength and ILSS, BZ9130 was used to 
manufacture composite laminates via three different infusion processes (RTM, VAP® and VaRTM). The 
compatibility of the BZ9130 resin system with the semi-permeable VAP membrane normally only used 
with epoxies was also unknown. Laminates were successfully manufactured using each process and the 
cured ply thickness and void content for each process were 0.25mm, 0.28mm, 0.29mm and 0.26 %, <1 
%, 1-3% respectively. The benefits of the VAP® process over the VaRTM process are apparent in terms of 
the interlaminar shear strength (Fig. 7ii) and flexural strength (Fig. 8ii). As expected, test samples 
extracted from material manufactured by RTM (control) exhibited significantly better properties 
compared to VAP® and VaRTM manufactured laminates. The relatively high infusion pressure (7 bar) 
during gelation used in the RTM process promotes void compression and a high degree of consolidation 
through interlayer fibre nesting. The matched metal tooling also helps to minimise fibre waviness, which 
can compromise laminate compression strength. Both VAP® and VaRTM are vacuum assisted processes 
and hard tooling is only used on one side of the laminate during infusion. Fibre waviness can transpire 
on the bag side of the laminate and consolidation is reduced due to the limited bag pressure.  
While RTM provides a pristine surface finish on both sides of a laminate and gives superior flexural and 
interlaminar properties, there are obvious cost implications especially regarding the matched metal 
tooling. As part size increases (e.g. bulkheads for aircraft, hull and bulkheads for large marine vessels), 
VaRTM or VAP® become the only plausible manufacturing routes albeit with a knockdown in mechanical 
properties. Relative to VaRTM, the VAP® process potentially offers more consistent part quality in terms 
of the elimination of dry spots resulting from the continuous air extraction across part surface during 
infusion. This also helps to reduce the cured ply thickness and void content. The elimination of dry spots 
is particularly relevant to the manufacture of large structures where scrap/rework of parts is time 
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consuming and expensive. These advantages may offset the additional costs associated with the use of 
the consumable VAP® membrane, which is not required for the VaRTM process.  
Finally, CF/BZ9130 and CF/BZ9120 laminates were benchmarked against both the CF/BMI and CF/epoxy 
materials in terms of interlaminar shear strength. All test samples were extracted from laminates 
manufactured using the VaRTM process. Testing was performed in the dry condition at room 
temperature (Fig. 9). CF/BZ9120 performed the best in terms of interlaminar shear strength and 
stiffness compared to the BMI’s and Epoxy. CF/BZ9130 also performed better than the BMI’s (in terms 
of strength and stiffness) and the epoxy (in terms of stiffness). The brittle nature of the BMI resins may 
contribute to the lower interlaminar shear strength exhibited by the BMI based laminates in these tests. 
 
3.5 Demonstrator manufacture 
The processing parameters for BZ9130 are quite similar to the aerospace grade epoxy considered in this 
paper. Cure temperature (185 °C) and duration (2 hours) for BZ9130 and the epoxy are essentially 
equivalent. The main differences include the higher infusion temperature (110 °C for BZ9130 compared 
to 80 °C for the epoxy) and the post cure requirement (232 °C for 1 hour for BZ9130, no post cure is 
required for the epoxy). This is in stark contrast to the BMI’s where infusion temperature (~150 °C) and 
cure duration (4 hours) are significantly higher and longer respectively compared to BZ9130 and the 
epoxy. Furthermore, the post cure duration is much longer (4-6 hours) compared to BZ9130 resin 
system (1 hour). To demonstrate the processability of CF/BZ9130 and to confirm its compatibility with 
the semi-permeable VAP membrane, a multi-omega-stiffened panel was manufactured using a bi-
directional (0°/90°) non-crimp carbon fibre (Saertex). The lay-up was [+45/-45, 90/0, 0/90,-45/+45]S 
giving a nominal final part thickness of 4 mm. Omega-stiffeners were formed using a water soluble 
mandrel (Aquacore 1024, Aero Consultants). The mandrels were CNC machined into shape before being 
placed mid-thickness during the hand lay-up process. The part was manufactured using the VAP® LRI 
process using a semi-permeable membrane (C2003 from Trans-textil), nylon vacuum membrane and a 
flat metallic base tool (Fig. 10). Infusion temperature, cure temperature and cure duration were 110 °C, 
185 °C and 2 hours respectively. A post cure at 232 °C for 1 hour was also employed. Although the 
demonstrator was not mechanically tested, selected mechanical properties (interlaminar shear strength 
  
Page 14 of 32 
 
and flexural strength) of CF/BZ9130 laminate manufactured using various infusion processes including 
VAP were obtained and are presented in section 3.4.  Overall, the demonstrator was manufactured 
successfully in one-shot using a single inlet and outlet configuration. The arrangement of consumables, 
tooling and process parameters were very similar to those used for single-part aerospace grade epoxy 
resin systems demonstrating the processability of BZ9130 for the manufacture of a typical aerospace 






4 Concluding remarks 
The hydrothermal in-plane-shear (IPS) strength of carbon-fibre (CF) based laminates manufactured using 
two benzoxazine resin systems (BZ9120 and BZ9130) was evaluated. CF/BZ9130 performed well in the 
dry condition at room temperature and at 200 °C (59% retention of dry RT IPS strength and less than 
5mm elongation at failure) and performed well in the wet condition at 120 °C (68% retention of dry RT 
IPS strength and less than 4mm elongation at failure) but only retained 48% of IPS strength and 
exhibited excessive elongation in the wet condition at 160 °C. BMI’s remain the benchmark for wet 
performance at 160°C as CF/BMI laminates retained 64% of their dry IPS strength and exhibited less 
than 4 mm of cross-head stroke at 160 °C in the wet condition. CF/BZ9120 performed well in the dry 
condition at room temperature (RT) and 120 °C but exhibited excessive elongation before failure at 120 
°C in the wet condition. The benzoxazines exhibited superior RT ILSS to BMI’s, similar processability and 
similar RT ILSS to an aerospace grade epoxy. These are distinct advantages over BMI resin systems. 
BZ9130 was also shown to be compatible with the VAP® process, which is aimed at reducing the risk 
associated with the manufacture of large structural components in single-shot infusion process. Overall, 
BZ9130 is a promising candidate for dry applications up to 200°C and wet applications up to 120°C 
whereas BZ9120 is a promising candidate for ambient applications.  
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Data availability 
The raw/processed data required to reproduce these findings cannot be shared at this time due to 
technical or time limitations. 
 
References 
1. McConnell VP, Resins for the Hot Zone, Part II: BMIs, CEs, Benzoxazines and Phthalonitriles, High 
Performance Composites, Composites World, 2009; 17 (#9). 
2. The Matrix, Composites World [online], available: http://www.compositesworld.com/articles/the-
matrix-2016, 2016 [accessed 01 Mar 2017] 
3. Gardiner G, BMI and Benzxoazine battle for future OOA Aerocomposites, High Performance 
Composites, Composites World, 2014; 22(#1):34-39. 
4. Li WH, Wong A, Leach D. Advances in Benzoxazine resins for Aerospace Applications. In: Proceedings 
of SAMPE International Symposium. Seattle, Washington, May, 2010.  
5. Li WH, Lehmann SL, Wong RS. Advanced composite structures using new resin technology offer 
weight and cost savings. In Proceedings of SAMPE International Symposium, Long Beach, California, 
May, 2005.  
6. Barjasteh E, Du X, Li WH. Improvements in high temperature infusion resin. In: Proceeding of SAMPE 
International Symposium, Baltimore, Maryland, May, 2012.  
7. Gardiner G, Benzoxazine: An alternative to phenolic for interior fire safety? High Performance 
Composites, Composites World, 2014; 22 (#1): 36. 
8. Ishida H, Overview and historical background of polybenzoxazine research, in: H. Ishida, T. Agag (Eds.), 
Handbook of the Benzoxazine Resins. Elsevier Oxford, 2011. 
9. Gardiner G, HP-RTM on the rise, Composites World [online], available: 
http://www.compositesworld.com/articles/hp-rtm-on-the-rise, 2015 [accessed 01 Mar 2017] 
10. Gardiner G, Double bagging through three decades, Composites World [online], available: 
http://www.compositesworld.com/articles/double-bagging-through-three-decades, 2010 [accessed 01 
Mar 2017] 
11. Black S, Reusable vacuum membranes: Coming of age?, Composites World [online], available: 
http://www.compositesworld.com/articles/reusable-vacuum-membranes-coming-of-age, 2013 
[accessed 01 Mar 2017] 
12. Gardiner G, Semi-permeables: Next trend in infusion?, High Performance Composites, 2014; 19 (#1):  
15-17. 
13. Boeing 787 aft pressure bulkhead passes fatigue test for certification, Composites World [online], 
available: http://www.compositesworld.com/news/boeing-787-aft-pressure-bulkhead-passes-fatigue-
test-for-certification, 2008 [accessed 01 Mar 2017] 
  
Page 17 of 32 
 
14. Black S, A400M cargo door: Out of the autoclave, Composites World [online], available: 
http://www.compositesworld.com/articles/inside-manufacturing-a400m-cargo-door-out-of-the-
autoclave, 2010 [accessed 01 Mar 2017] 
15. Comer AJ, Ray D, Obande W, Clancy G, Rosca I, Stanley W, OOA (Out-of-Autoclave) manufacturing of 
Benzoxazine resin systems by liquid resin infusion for ambient and high temperature aerospace 
applications. In: Proceedings of SAMPE Europe 35
th
 International Technical Conference, Porte de 
Versaille, Paris, March, 2014. 
16. Comer AJ, Ray D, Clancy G, Obande W, Stanley W, Effect of moisture on the mechanical properties of 
composite laminates manufactured using benzoxazine resin systems for aerospace applications. In: 
Proceedings of SAMPE Europe SETEC International Technical Conference and Table Top, Tampere, 
Finland, September, 2014. 
17. Stanley WF, Comer AJ, Clancy G, Obande W, McGrail PT, Benzoxazines as High Temperature 
Composite Matrices. In: Proceedings of the 4th International Conference on Thermosets-from 
monomers to components, Berlin, Germany, September, 2015.  
18. Nash NH, Ray D, Young TM, Stanley WF. The Influence of Hydrothermal Conditioning on the Mode-I, 
Thermal and Flexural Properties of Carbon/Benzoxazine Composites with a Thermoplastic Toughening 
Interlayer. Composites Part A - Applied Science and Manufacturing, 2015; 76: 135-144. 
19. Nash NH, Young TM, Stanley WF. The Influence of a Thermoplastic Toughening Interlayer and 
Hydrothermal Conditioning on the Mode-II Interlaminar Fracture Toughness of Carbon/Benzoxazine 
Composites. Composites Part A - Applied Science and Manufacturing, 2016; 81: 111-120. 
20. Nash NH, Young TM, Stanley WF. An Investigation of the Damage Tolerance of Carbon/Benzoxazine 
Composites with a Thermoplastic Toughening Interlayer. Composites Structures, 2016; 147: 25-32.21. 
Nash NH, Young TM, Stanley WF. The Reversibility of Mode-I and -II Interlaminar Fracture Toughness 
after Hydrothermal Aging of Carbon/Benzoxazine Composites with a Thermoplastic Toughening 
Interlayer. Composites Structures, 2016; 152: 558-567. 
22. Del Saz-Orozco B, Ray D, Kervennicb A,  McGrail PT, Stanley WF. Toughening of carbon 
fibre/polybenzoxazine composites by incorporating polyethersulfone into the interlaminar region, 
Materials & Design, 2016; 93: 297–303. 
23. Schneider, C.A., Rasband, W.S., Eliceiri, K.W. "NIH Image to ImageJ: 25 years of image analysis". 
Nature Methods 9, 671-675, 2012 
24. ASTM D3518 / D3518M–94 (2007), Standard Test Method for In-Plane Shear Response of Polymer 
Matrix Composite Materials by Tensile Test of a ±45° Laminate, ASTM International, West 
Conshohocken, PA, 2007, www.astm.org 
25. BS EN2563: 1997, British Standard Aerospace Series, Carbon fibre reinforced plastics-Unidirectional 
laminates, determination of the apparent interlaminar shear strength, 1997.  
26. BS EN2562: 1997, British Standard Aerospace Series, In-Carbon fibre reinforced plastics-
Unidirectional Laminates - Flexural test parallel to the fibre direction, 1997.  
27. ASTM D5023-07, Standard Test Method for Plastics: Dynamic Mechanical Properties: In Flexure 
(Three-Point Bending), ASTM International, West Conshohocken, PA, 2007, www.astm.org  
  
Page 18 of 32 
 
FIGURE CAPTIONS 
Fig. 1 RTM LRI system (Radius-Coexpair): (i) RTM press with 70 Tonne clamping force, 2 x 15 kW 
heating platens, 1000 mm x 650 mm platen area; (ii) 5 Litre single part resin injection system with 
heated cylinder and resin line, in-cylinder resin degassing and mixing; (iii) Base of fixed cavity matched 
metal tool showing 485 mm x 485 mm preform cavity 
Fig. 2 (i) VaRTM manufacturing cell consisting of (a) heated metallic platen, (b) heated injection line, 
(c) preform lay-up, (d) heater blanket, (e) evacuation line; (ii) VaRTM – double vacuum bag 
arrangement; (iii) VAP® lay-up arrangement 
 
Fig. 3 Dynamic mechanical thermal analysis (DMTA) tan δ curves for CF laminates manufactured with 
various resin classes (Benzoxazine, Epoxy and BMI) - all samples were tested in the dry condition  
 
Fig. 4 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9120 and 
CF/BZ9130 tested at RT and 120 °C in the dry condition (DRY) and at 120 °C in the fully saturated 
condition (WET): (i) CF/BZ9120; (ii) CF/BZ9130. All samples manufactured by VaRTM 
 
Fig. 5 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9130, 
CF/BMI_2 and CF/BMI_1 tested at 160 °C in the fully saturated condition (WET). Samples tested at RT 
in the dry condition (DRY) are also shown - all samples manufactured by VaRTM 
 
Fig. 6 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9130 tested: 
(i) at RT, 120 °C and 200 °C in the dry condition (DRY); (ii) at RT in the dry condition (DRY) and at 120 
°C, 160 °C and 200 °C in the fully saturated condition (WET) - all samples manufactured by VaRTM 
 
Fig. 7 Interlaminar-shear results for CF/BZ9130 for various manufacturing techniques i.e. RTM, VAP® 
and VaRTM: (i) Representative ILSS v cross-head stroke curves (with toe correction at base of curves); 
(ii) Mean interlaminar shear strengths and standard deviations (5 samples) All samples tested at RT in 
the dry condition 
 
Fig. 8 Flexure results for CF/BZ9130 for various manufacturing techniques i.e. RTM, VAP® and VaRTM: 
(i) Representative flexural stress v cross-head stroke curves (not normalised); (ii) Mean flexural 
strengths and standard deviations normalised to Vf = 0.6 (5 samples). All samples tested at RT in the 
dry condition 
 
Fig. 9 Interlaminar shear results for laminates manufactured by VaRTM and tested at RT in the dry 
condition: (i) Interlaminar shear stress versus cross-head stroke for representative samples (with toe 
correction at base of curves); (ii) Interlaminar shear strengths and standard deviations (5 samples) 
 
Fig. 10 Multi-omega-stiffened panel (400 x 400 mm) manufactured using carbon fibre NCF (Saertex) 
and a benzoxazine resin-system (Henkel Loctite BZ9130 AERO). Water soluble mandrel (Aquacore 
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TABLES 
Table 1 Candidate resin-systems for aerospace applications 




Neat Resin Tg (°C) 
Dry  Wet  
BZ9130 Benzoxazine / Loctite BZ9130 Aero (Henkel) 1220 3 (@ 23 °C) 255 (1) 196 (2) 
BZ9120 Benzoxazine / Loctite BZ9120 Aero (Henkel) 1210 6 (@ 23 °C) 177(1) 140 (3) 
BMI_1 Bismaleimide / Cycom 5250-4 (Cytec) 1250 6 (@ 23 °C) 271 207 
BMI_2 Bismaleimide / RTM 651 (Hexcel) 1250 12 (@ -18 °C) 285 (4) 219 (4) 
EP_1 Epoxy / Cycom 890 RTM (Cytec) 1220 12 (@ -18 °C) 191 (1) 169 (5) 
 (1)
 Tg by E’ Onset | 
(2)
 Tg by E’ onset after 72 hour water boil | 
(3) 
Tg by E’ onset after 14 days immersion in 
water @ 71 °C | 
(4)
 Tg by E’’ peak | 
(5)
 Tg by E’ onset after 48 hour water boil  
 
 
Table 2 Processing parameters for each resin system 
ID Infusion Temperature (°C) 









CF/BZ9130 110 185 2 232 1 
CF/BZ9120 110 180 1.5 N/A 
CF/BMI_1 149 191 4 227 4 
CF/BMI_2 150  191 4 245 6 
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Table 3 In-plane-shear hydrothermal-mechanical test matrix for CF/BZ9120 and CF/BZ9130 laminates. 
All samples manufactured by VaRTM 
Temperature RT 120 °C 
Condition DRY DRY WET
1
 
CF/BZ9120    
CF/BZ9130    
(1)
 Submersion for 158 days minimum in distilled water at 80 °C | RT: Room temperature 
 
Table 4 In-plane-shear hydrothermal-mechanical test matrix for CF/BZ9130 and CF/BMI laminates. All 
samples manufactured by VaRTM 




CF/BZ9130   
CF/BMI_1   
CF/BMI_2   
(1)
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Table 5 Interlaminar-shear and flexure mechanical test matrix 
Manufacturing Method RTM VaRTM VAP® 
CF/BZ9130     
CF/BZ9120 -   
CF/BMI_1 -  - 
CF/BMI_2 -  - 
CF/EP_1 -  - 











Table 6 Moisture absorption results 
Manufacturing method VaRTM 
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Table 7 In-plane-shear strength and strength retention at elevated temperature for CF/Benzoxazine 
laminates at 120 °C in the dry and wet condition. Fibre volume fraction (Vf) is also given. 
 
 
RT 120 °C 
DRY DRY WET 
CF/BZ9130 







Retention (%) 100 85 68 
Vf 0.58 0.57 
CF/BZ9120 







Retention (%) 100 61.2 48.1 
Vf 0.59 0.62 
(1)
 2 samples per batch | 
(2)





Table 8 In-plane-shear strength and strength retention at elevated temperature for CF/BZ9130 and 
the CF/BMI laminates at 160 °C in the wet condition. Fibre volume fraction (Vf) is also given. Standard 
deviation shown in brackets 
 
 
RT 160 °C 
DRY WET 
CF/BZ9130 





Retention (%) 100 48 
Vf 0.58 
CF/BMI_1 





Retention (%) 100 64 
Vf 0.52 0.52 
CF/BMI_2 





Retention (%) 100 64 
Vf 0.57 
(1)
 2 samples per batch | 
(3)
 5 samples per batch 
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Fig. 1 RTM LRI system (Radius-Coexpair): (i) RTM press with 70 Tonne clamping force, 2 x 15 kW 
heating platens, 1000 mm x 650 mm platen area; (ii) 5 Litre single part resin injection system with 
heated cylinder and resin line, in-cylinder resin degassing and mixing; (iii) Base of fixed cavity matched 
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Fig. 2 (i) VaRTM manufacturing cell consisting of (a) heated metallic platen, (b) heated injection line, 
(c) preform lay-up, (d) heater blanket, (e) evacuation line; (ii) VaRTM – double vacuum bag 
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Fig. 3 Dynamic mechanical thermal analysis (DMTA) tan δ curves for CF laminates manufactured with 
various resin classes (Benzoxazine, Epoxy and BMI) - all samples were tested in the dry condition  
  
  




Fig. 4 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9120 and 
CF/BZ9130 tested at RT and 120 °C in the dry condition (DRY) and at 120 °C in the fully saturated 
condition (WET): (i) CF/BZ9120; (ii) CF/BZ9130. All samples manufactured by VaRTM 
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Fig. 5 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9130, 
CF/BMI_2 and CF/BMI_1 tested at 160 °C in the fully saturated condition (WET). Samples tested at RT 
in the dry condition (DRY) are also shown - all samples manufactured by VaRTM 
  
  




Fig. 6 In-plane-shear stress versus cross-head stroke for representative samples of CF/BZ9130 tested: 
(i) at RT, 120 °C and 200 °C in the dry condition (DRY); (ii) at RT in the dry condition (DRY) and at 120 








Fig. 7 Interlaminar-shear results for CF/BZ9130 for various manufacturing techniques i.e. RTM, VAP® 
and VaRTM: (i) Representative ILSS v cross-head stroke curves (with toe correction at base of curves); 
(ii) Mean interlaminar shear strengths and standard deviations (5 samples) All samples tested at RT in 
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Fig. 8 Flexure results for CF/BZ9130 for various manufacturing techniques i.e. RTM, VAP® and VaRTM: 
(i) Representative flexural stress v cross-head stroke curves (not normalised); (ii) Mean flexural 
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Fig. 9 Interlaminar shear results for laminates manufactured by VaRTM and tested at RT in the dry 
condition: (i) Interlaminar shear stress versus cross-head stroke for representative samples (with toe 
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Fig. 10 Multi-omega-stiffened panel (400 x 400 mm) manufactured using carbon fibre NCF (Saertex) 
and a benzoxazine resin-system (Henkel Loctite BZ9130 AERO). Water soluble mandrel (Aquacore 
1024, Aero Consultants) was used to form the omega stiffeners   
 
 
 
 
 
 
 
 
